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FIG. 1. a) Experimental setup inside the target chamber. The laser is hitting a CH or CD foil and generates the driving
proton or deuteron beam. This beam is deposited in a Be-converter on the laser propagation axis behind the target. b) Global
experimental setup. Around the target chamber a variety of diagnostics for laser pulse and neutron beam characterization are
placed. For the latter neutron time-of-flight (nTOF) spectrometers consisting of a plastic scintillator coupled to photo multiplier
tube (PMT), bubble detectors and a neutron-imager are used. Not shown is the ion wide angle spectrometer (iWASP) that
has been used to analyze the driving ion right beam behind the target prior to the actual experiment.

axis parabolic mirror is used to typically focus 80 J of
1.053µm laser light in a 600 fs pulse. The on-target
focus has been measured to be ∼6µm in radius (1/e2-
condition, containing > 60% of the laser energy) with
a peak intensity of 5 × 1020W/cm2. The laser pulse
duration and beam parameters were carefully recorded
during the whole campaign. Thin, free-standing, plastic
(CH2) and deuterized plastic (CD2) foils with thicknesses
from 200 nm to 3.2µm were used to generate proton and
deuteron beams. The high temporal contrast of the Tri-
dent laser with 10−7 at -4 ps (ratio of preceding laser
irradiation compared to the peak intensity)24, enables in-
teraction of the laser with a highly overdense target even
for nm-scaled targets16 and hence very efficient accel-
eration of deuterons through the BOA mechanism. The
proton and deutron beams were deposited in a Beryllium
converter, providing a high cross section for neutron pro-
duction and at the same time minimizing generation of
unwanted high-energy bremsstrahlungs photons.

Ion beam diagnostics

As the ion beam is the primary driver for the neutron
generation, beam parameters are an important part of
the experiment. Evaluation of the neutron generation
performance requires detailed knowledge of the driver in
terms of energy distribution, particle numbers and en-
ergy content, as well as beam divergence. We used sev-
eral independent diagnostics to characterize the driving
ion beam for these parameters. In this experiment, where
ion acceleration is done in the BOA regime, critical beam
parameters such as high-energy cutoffs, angular ion dis-

tribution, conversion efficiency and ion species are very
different from typical TNSA-generated ion beams. While
in TNSA the ion beam is typically “Gaussian”-like dis-
tributed with peak energy and flux in the beam center,
an ion beam generated in the BOA regime is shaped by
the 2D and 3D dynamics during the relativistic transpar-
ent phase of the interaction governing the acceleration.
One is the azimuthal symmetry break even for a symmet-
ric laser profile; the symmetry break causes generation of
ion lobes in the spectrum25 and hence maximum energies
and also maximum densities to appear off-axis.

iWASP spectrometer: Here, we use the ion wide an-
gle spectrometer (iWASP) as described in26. The iWASP
measures the ion beam angularly resolved over approx-
imately 20◦ in a plane perpendicular or parallel to the
laser polarization axes. It is based on a strong, large,
magnetic field generated by a wedged yoke perpendicu-
lar to the ion propagation direction. The field introduces
an energy dependent dispersion of the particle beam that
is entering the iWASP through a long slit positioned par-
allel to and in front of the magnetic field. With a slit of
∼ 20µm width and 1 cm length, the spectrometer covers
a solid angle of ∼ 4×10−1 msr; this is 3-5 orders of mag-
nitude higher than in typical Thomson parabolas27. The
high solid angle captured and hence the high fraction of
the beam that is analyzed, ensures highest accuracy in
measuring all important beam parameters. This is done
simultaneously for C6+ and H+ (and D+) from CHx (and
CD) targets and is accomplished by taking advantage of
the hugely different stopping power of each of the par-
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–  Neutron generation 
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FIG. 1. a) Experimental setup inside the target chamber. The laser is hitting a CH or CD foil and generates the driving
proton or deuteron beam. This beam is deposited in a Be-converter on the laser propagation axis behind the target. b) Global
experimental setup. Around the target chamber a variety of diagnostics for laser pulse and neutron beam characterization are
placed. For the latter neutron time-of-flight (nTOF) spectrometers consisting of a plastic scintillator coupled to photo multiplier
tube (PMT), bubble detectors and a neutron-imager are used. Not shown is the ion wide angle spectrometer (iWASP) that
has been used to analyze the driving ion right beam behind the target prior to the actual experiment.

axis parabolic mirror is used to typically focus 80 J of
1.053µm laser light in a 600 fs pulse. The on-target
focus has been measured to be ∼6µm in radius (1/e2-
condition, containing > 60% of the laser energy) with
a peak intensity of 5 × 1020W/cm2. The laser pulse
duration and beam parameters were carefully recorded
during the whole campaign. Thin, free-standing, plastic
(CH2) and deuterized plastic (CD2) foils with thicknesses
from 200 nm to 3.2µm were used to generate proton and
deuteron beams. The high temporal contrast of the Tri-
dent laser with 10−7 at -4 ps (ratio of preceding laser
irradiation compared to the peak intensity)24, enables in-
teraction of the laser with a highly overdense target even
for nm-scaled targets16 and hence very efficient accel-
eration of deuterons through the BOA mechanism. The
proton and deutron beams were deposited in a Beryllium
converter, providing a high cross section for neutron pro-
duction and at the same time minimizing generation of
unwanted high-energy bremsstrahlungs photons.

Ion beam diagnostics

As the ion beam is the primary driver for the neutron
generation, beam parameters are an important part of
the experiment. Evaluation of the neutron generation
performance requires detailed knowledge of the driver in
terms of energy distribution, particle numbers and en-
ergy content, as well as beam divergence. We used sev-
eral independent diagnostics to characterize the driving
ion beam for these parameters. In this experiment, where
ion acceleration is done in the BOA regime, critical beam
parameters such as high-energy cutoffs, angular ion dis-

tribution, conversion efficiency and ion species are very
different from typical TNSA-generated ion beams. While
in TNSA the ion beam is typically “Gaussian”-like dis-
tributed with peak energy and flux in the beam center,
an ion beam generated in the BOA regime is shaped by
the 2D and 3D dynamics during the relativistic transpar-
ent phase of the interaction governing the acceleration.
One is the azimuthal symmetry break even for a symmet-
ric laser profile; the symmetry break causes generation of
ion lobes in the spectrum25 and hence maximum energies
and also maximum densities to appear off-axis.

iWASP spectrometer: Here, we use the ion wide an-
gle spectrometer (iWASP) as described in26. The iWASP
measures the ion beam angularly resolved over approx-
imately 20◦ in a plane perpendicular or parallel to the
laser polarization axes. It is based on a strong, large,
magnetic field generated by a wedged yoke perpendicu-
lar to the ion propagation direction. The field introduces
an energy dependent dispersion of the particle beam that
is entering the iWASP through a long slit positioned par-
allel to and in front of the magnetic field. With a slit of
∼ 20µm width and 1 cm length, the spectrometer covers
a solid angle of ∼ 4×10−1 msr; this is 3-5 orders of mag-
nitude higher than in typical Thomson parabolas27. The
high solid angle captured and hence the high fraction of
the beam that is analyzed, ensures highest accuracy in
measuring all important beam parameters. This is done
simultaneously for C6+ and H+ (and D+) from CHx (and
CD) targets and is accomplished by taking advantage of
the hugely different stopping power of each of the par-
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Thin foils, initially solid-density plasmas: 
•  Radiation Pressure Acceleration,                                    

light-sail regime (RPA-LS)* 
–  Requires opaque plasma, clean charge                                    

separation (negligible heating, Circ. Pol.) 

•  Ion Solitary Wave Acceleration (ISWA)1 

–  Charge Sep. è Soliton è RIT è ISWA 

•  Breakout afterburner (BOA)2 

–  RITè Electron-ion drift è wave è BOA 

Thick (10’s µm), near ncr density, opaque plasmas: 
•  RP – Hole Boring Regime (RPA-HB)3 

•  Collisionless Electrostatic Shock Acceleration (CESA)4 

Thick, solid-density opaque foils: 
•  Target normal sheath acceleration (TNSA)5 

–  Maxwellian ion energy distribution  

Several distinct ion acceleration mechanisms 
Ion Accel. 

peak of the ion density reaching up to 7 times the initial
value is observed, which moves with an average velocity of
about 0:013c, leaving behind a low-density shelf with
velocity linearly decreasing. At t ! 12TL, after the density
at the peak has reached the maximum value of about 7n0
and the velocity has reached the value of 0:02c, a second
density peak has appeared to the right of the first peak and
moves into the plasma at the speed of about 0:04c with the
(x; px) distribution now clearly a two-valued function of x.

A simple model for this ion bunch generation can be
inferred. When the laser pulse impinges on the plasma
surface, electrons are quickly pushed inward by the pon-
deromotive force, i.e., the steady part of the v" B force.
(Notice that the oscillating part of the v" B force is zero
for circular polarization; this is the reason why, as shown
below, the interaction regime is completely different for
linear polarization.) The electrons pile up, leaving behind a
charge depletion layer and giving rise to an electrostatic
field Ex back-holding them. We assume that they quickly
reach an equilibrium position where Ex balances the pon-
deromotive force exactly. Let us take, for simplicity, a
linear profile of Ex both in the depletion layer (Ex !
E0x=d for 0< x< d) and in the compression region (Ex !
E0#1$ %x$ d&=ls' for d < x < d( ls), which implies a
uniform electron density np0 in this region; see Fig. 2. The
parameters E0, np0, d, and ls are related by the equations
E0 ! 4!en0d (due to the Poisson equation), n0%d( ls& !
np0ls (due to global charge conservation), and E0en0ls=2 ’
2IL=c (due to the balance between the total radiation and
electrostatic pressures).

The electrostatic field on the ions starting at initial
positions x0 < d is a constant over the trajectories of the
ions, Ex ! Ex%x0&, and increases with x0. Thus, these ions
will never reach those with x0 > d, the ion density will
decrease, and a ion ‘‘shelf’’ will be formed, the field on the
leftmost ion layer being zero. As for the ions with an initial
position in the compression region d < x0 < d( ls, as-
suming that the electrostatic field is a function of x0 for
these ions too is consistent with the assumption that the
electrons follow quasiequilibrium dynamics and the pon-
deromotive force equals the electrostatic field at any time,
the total pressure being always 2IL=c. Since the electro-
static field is a linear function of x0, all ions will reach
point B at the same time and the ion density will assume an
infinite value there; i.e., the hydrodynamic description
breaks down. The ion bunch is thus due to accelerated
ions that cross point B and are injected into the unperturbed
plasma region, where they can move ballistically provided
that the charge unbalance is neutralized by electrons ac-
companying the bunch. The total number of accelerated
ions per unit surface is n0ls=Z.

The model assumes point B, where the field vanishes,
will not move during compression; thus, the bunch ions
will have a flat-top velocity distribution extending between
0 and vmax, and the density will be uniform in the region
behind the ion front. Actually, since for the evanescence
length ls we expect ls ’ dp ) n$1=2

e , during the compres-
sion of the ion fluid the field will tend to penetrate deeper
into the plasma, keeping the field at the surface and the
total electrostatic pressure constant. Thus, ions beyond
point A will be accelerated by a field decreasing in time
and will get to the breaking point later. This effect causes
the ion bunch to be more localized both in coordinate and
velocity space.

Our model thus gives a scenario in qualitative agreement
with the numerical observations and also provides quanti-
tative estimates and scaling laws. Denoting as x0 ! "0 ( d
the initial position of an ion with mass mi and charge qi !
Ze in the compression region (0< "0 < ls), the force act-
ing on this ion is given by Fi ! qiE0%1$ "0=ls&. Thus, the
velocity of an initially immobile ion is vi ! %qiE0=mi&"
%1$ "0=ls&t and the position is xi ! %qiE0=2mi&"
%1$ "0=ls&t2 ( x0. The ‘‘breaking’’ time at which all
ions reach point B is #i !

!!!!!!!!!!!!!!!!!!!!!!!!

2lsmi=qiE0

p

. The maximum
velocity is thus vmax !

!!!!!!!!!!!!!!!!!!!!!!!!

2lsqiE0=mi
p

! 2va, va ! ls=#i
being the average ion velocity, i.e., the velocity of the laser
front. By relating the model parameters to the laser inten-
sity and plasma density, we obtain

va

c
!

!!!!!!!!!!!!!!!!!!

Z
A

me

mp

nc
ne

s

aL and #i ’
1

!LaL

!!!!!!!!!!!!

A
Z
mp

me

s

; (1)

where ls ’ dp has been assumed. The predicted velocity
scaling has been tested via numerical simulations, yielding
a rather good agreement with the model; see Fig. 2. For

FIG. 2 (color online). (a) Schematic of the model profiles of
the ion density (green thick line), the electron density (blue thin
line), and the electric field (red dashed line) at the initial stage
when the electrons are in equilibrium and the ions have not
moved yet. Label A indicates the electron front where the laser
evanescence starts; B indicates the point where the ponderomo-
tive force vanishes so that AB ! ls. (b) A comparison between
the ion bunch velocity observed in simulations (data points) and
the model prediction (lines), as a function of the laser pulse
amplitude aL and the normalized density N ! n0=nc. The cases
studied are as follows: N ! 100, Z=A ! 1=2 (red stars); N !
20, Z=A ! 1 (blue crosses); N ! 5, Z=A ! 1=2 (green dia-
monds).
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BOA dependence on thickness: really an optimization 
of relativistic transparency with with laser pulse length. 

•  Trident experiments 
•  Targets: Diamond uncleaned 
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Ion acceleration mechanism cannot always be 
ascertained from limited data scaling alone. 

•  Consider Trident experiments 
-  Linear polarization (vigorous electron heating) 
-  BOA mechanism 
-  Verified relativistic induced transparency (R. Shah, ICHED, Tues) 

•  Ion energy from target thickness l in RPA is                                    
Eki = A mp c2 ξ2 / 2[ξ+1] where ξ = 2 IL tL / ρ l c2 

•  In strongly relativistic regime                                                         
ξ>> 1 (where we’re not),                                                                       
Eki ~ a0

2 tL / l  
•  BOA data above optimum                                                       

thickness mimics relativistic                                                           
RPA scaling 

•  Shows importance of full                                                               
exploration of phase space                                                     
(simulations and Exps) 

6

Figure 3. (a) The measured average carbon C6+ particle energy above the
detection threshold of 33 MeV and (b) the maximum particle energy as a function
of target thickness for 50 nm to 25 µm encompassing BOA (<700 nm) and
TNSA (�700 nm) dominated acceleration regimes. Error bars are given by the
resolution limit of the iWASP (see [31] for details).

Considering that a large fraction of particles has kinetic energies less than 33 MeV (below
the spectrometer detection threshold), it is evident that for thin targets where BOA is dominant,
essentially all particles from the laser focal volume are accelerated. In particular, for targets
with �700 nm thickness, relative particle numbers drop below 1% of the laser focal volume;
at 10 µm, particles would fit into a focal volume of thickness ⇠10 nm, which agrees well with
TNSA dynamics, where particles are being accelerated only from the surfaces (front and back).

At the same time, average particle energies range from 50 MeV in the TNSA to 68 MeV
in the BOA regime as depicted in figure 3, which is an increase by a factor of 1.36. This shows
that enhanced acceleration for thin sub-µm targets, i.e. within the relativistic transparent regime
where BOA is observed to be the dominant acceleration mechanism, is mainly achieved by a
volume acceleration of all particles in the laser focal volume, rather than by only accelerating
particles from the surfaces as in the TNSA regime.

For the same thickness range, maximum energies increase from ⇠200 to ⇠700 MeV,
i.e. an increase of 3.5⇥ (see figure 3(b)). The influence of these high-energy particles on the
average energy is negligible, however, due to their lower particle numbers (typically 3–4 orders
below particle numbers at the average energy). Hence, high-energy ion ‘lobes’ possibly breaking
the assumed radial symmetry, as discussed in [35], are negligible for the estimates of the average
ion energy as well as the CE. The substantially greater scatter in maximum energies is likely
a consequence of higher sensitivity to laser and target variability and low particle numbers at
these energies close to the detection threshold.

The CE calculated from the particle numbers and the average particle energies is shown in
figure 4(a) as a function of target thickness for carbon C6+ ions above 33 MeV into a cone with
a half-angle of 22.5� (or 400 msr solid angle). Error bars are calculated with standard Gaussian
error propagation and give a lower limit of the accuracy given by the detector; errors are most
likely higher, especially for thicknesses above 700 nm, as they do not account for systematic
errors coming from lower carbon charge states and the assumption of a rotationally symmetric
ion beam (as seen in 3D-VPIC simulations). The CE increases toward its maximum of
about 6% at a thickness of 200 nm and then decreases until acceleration of carbon ions nearly

New Journal of Physics 15 (2013) 023007 (http://www.njp.org/)

∝ 1 / Thickness	
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FIG. 1. a) Experimental setup inside the target chamber. The laser is hitting a CH or CD foil and generates the driving
proton or deuteron beam. This beam is deposited in a Be-converter on the laser propagation axis behind the target. b) Global
experimental setup. Around the target chamber a variety of diagnostics for laser pulse and neutron beam characterization are
placed. For the latter neutron time-of-flight (nTOF) spectrometers consisting of a plastic scintillator coupled to photo multiplier
tube (PMT), bubble detectors and a neutron-imager are used. Not shown is the ion wide angle spectrometer (iWASP) that
has been used to analyze the driving ion right beam behind the target prior to the actual experiment.

axis parabolic mirror is used to typically focus 80 J of
1.053µm laser light in a 600 fs pulse. The on-target
focus has been measured to be ∼6µm in radius (1/e2-
condition, containing > 60% of the laser energy) with
a peak intensity of 5 × 1020W/cm2. The laser pulse
duration and beam parameters were carefully recorded
during the whole campaign. Thin, free-standing, plastic
(CH2) and deuterized plastic (CD2) foils with thicknesses
from 200 nm to 3.2µm were used to generate proton and
deuteron beams. The high temporal contrast of the Tri-
dent laser with 10−7 at -4 ps (ratio of preceding laser
irradiation compared to the peak intensity)24, enables in-
teraction of the laser with a highly overdense target even
for nm-scaled targets16 and hence very efficient accel-
eration of deuterons through the BOA mechanism. The
proton and deutron beams were deposited in a Beryllium
converter, providing a high cross section for neutron pro-
duction and at the same time minimizing generation of
unwanted high-energy bremsstrahlungs photons.

Ion beam diagnostics

As the ion beam is the primary driver for the neutron
generation, beam parameters are an important part of
the experiment. Evaluation of the neutron generation
performance requires detailed knowledge of the driver in
terms of energy distribution, particle numbers and en-
ergy content, as well as beam divergence. We used sev-
eral independent diagnostics to characterize the driving
ion beam for these parameters. In this experiment, where
ion acceleration is done in the BOA regime, critical beam
parameters such as high-energy cutoffs, angular ion dis-

tribution, conversion efficiency and ion species are very
different from typical TNSA-generated ion beams. While
in TNSA the ion beam is typically “Gaussian”-like dis-
tributed with peak energy and flux in the beam center,
an ion beam generated in the BOA regime is shaped by
the 2D and 3D dynamics during the relativistic transpar-
ent phase of the interaction governing the acceleration.
One is the azimuthal symmetry break even for a symmet-
ric laser profile; the symmetry break causes generation of
ion lobes in the spectrum25 and hence maximum energies
and also maximum densities to appear off-axis.

iWASP spectrometer: Here, we use the ion wide an-
gle spectrometer (iWASP) as described in26. The iWASP
measures the ion beam angularly resolved over approx-
imately 20◦ in a plane perpendicular or parallel to the
laser polarization axes. It is based on a strong, large,
magnetic field generated by a wedged yoke perpendicu-
lar to the ion propagation direction. The field introduces
an energy dependent dispersion of the particle beam that
is entering the iWASP through a long slit positioned par-
allel to and in front of the magnetic field. With a slit of
∼ 20µm width and 1 cm length, the spectrometer covers
a solid angle of ∼ 4×10−1 msr; this is 3-5 orders of mag-
nitude higher than in typical Thomson parabolas27. The
high solid angle captured and hence the high fraction of
the beam that is analyzed, ensures highest accuracy in
measuring all important beam parameters. This is done
simultaneously for C6+ and H+ (and D+) from CHx (and
CD) targets and is accomplished by taking advantage of
the hugely different stopping power of each of the par-
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Selected applications enabled by                       
laser-driven ion beams 

3.  Ion-driven FI 
–  Laser-driven proton or ion 

beam ignitor of compressed 
DT fuel 

Compressed 
DT fuel 

C 

C foil 

laser 

shield 
foil 

0.5 – 2 cm 

2.  Evolution of                               
high-Z or solid                           
particulates in                                      
low-Z plasmas 
– Coulomb                                         

explosion 
– Mix   

1.  Laser-driven                       
neutron beams 
–  HED-target probe 
–  Active interrogation 
–  Materials science 

2

FIG. 1. a) Experimental setup inside the target chamber. The laser is hitting a CH or CD foil and generates the driving
proton or deuteron beam. This beam is deposited in a Be-converter on the laser propagation axis behind the target. b) Global
experimental setup. Around the target chamber a variety of diagnostics for laser pulse and neutron beam characterization are
placed. For the latter neutron time-of-flight (nTOF) spectrometers consisting of a plastic scintillator coupled to photo multiplier
tube (PMT), bubble detectors and a neutron-imager are used. Not shown is the ion wide angle spectrometer (iWASP) that
has been used to analyze the driving ion right beam behind the target prior to the actual experiment.

axis parabolic mirror is used to typically focus 80 J of
1.053µm laser light in a 600 fs pulse. The on-target
focus has been measured to be ∼6µm in radius (1/e2-
condition, containing > 60% of the laser energy) with
a peak intensity of 5 × 1020W/cm2. The laser pulse
duration and beam parameters were carefully recorded
during the whole campaign. Thin, free-standing, plastic
(CH2) and deuterized plastic (CD2) foils with thicknesses
from 200 nm to 3.2µm were used to generate proton and
deuteron beams. The high temporal contrast of the Tri-
dent laser with 10−7 at -4 ps (ratio of preceding laser
irradiation compared to the peak intensity)24, enables in-
teraction of the laser with a highly overdense target even
for nm-scaled targets16 and hence very efficient accel-
eration of deuterons through the BOA mechanism. The
proton and deutron beams were deposited in a Beryllium
converter, providing a high cross section for neutron pro-
duction and at the same time minimizing generation of
unwanted high-energy bremsstrahlungs photons.

Ion beam diagnostics

As the ion beam is the primary driver for the neutron
generation, beam parameters are an important part of
the experiment. Evaluation of the neutron generation
performance requires detailed knowledge of the driver in
terms of energy distribution, particle numbers and en-
ergy content, as well as beam divergence. We used sev-
eral independent diagnostics to characterize the driving
ion beam for these parameters. In this experiment, where
ion acceleration is done in the BOA regime, critical beam
parameters such as high-energy cutoffs, angular ion dis-

tribution, conversion efficiency and ion species are very
different from typical TNSA-generated ion beams. While
in TNSA the ion beam is typically “Gaussian”-like dis-
tributed with peak energy and flux in the beam center,
an ion beam generated in the BOA regime is shaped by
the 2D and 3D dynamics during the relativistic transpar-
ent phase of the interaction governing the acceleration.
One is the azimuthal symmetry break even for a symmet-
ric laser profile; the symmetry break causes generation of
ion lobes in the spectrum25 and hence maximum energies
and also maximum densities to appear off-axis.

iWASP spectrometer: Here, we use the ion wide an-
gle spectrometer (iWASP) as described in26. The iWASP
measures the ion beam angularly resolved over approx-
imately 20◦ in a plane perpendicular or parallel to the
laser polarization axes. It is based on a strong, large,
magnetic field generated by a wedged yoke perpendicu-
lar to the ion propagation direction. The field introduces
an energy dependent dispersion of the particle beam that
is entering the iWASP through a long slit positioned par-
allel to and in front of the magnetic field. With a slit of
∼ 20µm width and 1 cm length, the spectrometer covers
a solid angle of ∼ 4×10−1 msr; this is 3-5 orders of mag-
nitude higher than in typical Thomson parabolas27. The
high solid angle captured and hence the high fraction of
the beam that is analyzed, ensures highest accuracy in
measuring all important beam parameters. This is done
simultaneously for C6+ and H+ (and D+) from CHx (and
CD) targets and is accomplished by taking advantage of
the hugely different stopping power of each of the par-

neutrons 
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Concept Setup 

Record neutron production with Trident laser-
produced deuterium beam using BOA* 
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minimizing the generation of unwanted high-energy
bremsstrahlung photons. In our experiment neutrons are
produced via the nuclear reactions 9Beðd; nÞ, 9Beðp; nÞ,
and by the deuteron breakup reaction [16]. For the highest
neutron energies of above 150 MeV also a precompound
reaction inside the Be nucleus is the most likely origin.
While the first reactions are expected to result in a more or
less isotropic neutron emission, the deuteron breakup
should result in a forward peaked neutron flux at higher
particle energies.

Setup.—The experimental setup is depicted in Fig. 1.
The experiments were carried out at the Los Alamos
National Laboratory 200 TW TRIDENT laser facility,
where the temporal contrast (ratio of unwanted laser irra-
diation compared to the peak intensity) [17] was in excess
of 10#10. In two campaigns we used f=3 and f=1:5 para-
bolic mirrors close to normal incidence to focus typically
80 J of 1:053 !m vertically polarized laser light in a clean
600 fs pulse to reach maximum intensities in between 1020

and 1021 W=cm2. The laser pulse duration and beam pa-
rameters were carefully recorded during both campaigns.
Plastic (CH2) or deuterized plastic (CD2) targets from
200 nm to 3:2 !m thickness were used to generate proton
or deuteron beams. Copper activation techniques (nuclear
activation imaging spectroscopy, NAIS) [18] were used to
measure the proton and deuteron beam parameters for
given laser energy and target thickness combinations. A
sealed Be converter was placed 5 mm behind the laser
target and protected from the plasma blowoff by a sand-
wich of three 50 !m layers of copper and two layers of
50 !m plastic. We used a complete set of diagnostics to
fully characterize the neutron source. For the absolute yield
measurements we used an array of up to eight standard
bubble detectors (BTI [19]) 87 cm from the target, as these
are entirely insensitive to x rays and electrons. The detec-
tors were recalibrated to their known nonlinear response
function to neutron energies in excess of 20 MeV [20,21].
The neutron spectral distribution in different directions

was measured using several LANSCE neutron time-of-
flight (nTOF) detectors (10 cm diameter, 1.88 cm thick
NE102 plastic scintillators coupled to fast 12.5 cm
Hamamatsu R1250A Photomultiplier Tubes). The nTOF
detectors were shielded against the x rays by up to 25 cm of
lead. The distance to the neutron production target was
changed between 2.2 m and 5.7 m during the experiments
and the nTOF detectors covered the #5, 90, and 180
degree angles with respect to the laser beam. Each nTOF
detector signal was recorded by a fast digital oscilloscope.
The strong, prompt signal from the laser driven x rays
thereby served as a time reference for the neutron energy
analysis. The neutron imaging system was placed 2 m from
the target in the forward direction. Blocks of tungsten,
lead, plastic, and steel were used to serve as objects to be
radiographed and placed in front of the imager. The acti-
vation detectors and a tungsten knife-edge were placed
inside the target chamber. A wide angle ion spectrometer
(iWASP) [22] complemented the diagnostic setup.
Experiments.—We first tested the BOA mechanism

using CH2 and CD2 targets and the iWASP [22] spectrome-
ter to measure the yield of deuterons and protons for the
two target types (see Fig. 2). While for 300 nm targets
the ion distribution resembles the bulk concentration, the
3 !m target only showed surface protons with very little
deuterium contribution.
Using CH targets in combination with copper and ber-

yllium converters, we observed an isotropic neutron yield
of up to 5$ 108 n=sr. The beryllium neutron converter
target was encapsulated and shielded from the primary
target by three layers of copper interleaved with two layers
of plastic to absorb the mechanical shock from the expand-
ing primary target. A 5 cm large block was initially placed
in a 5 cm distance and later replaced by a 6$ 12 mm long
beryllium rod at 5 mm distance from the ion source in order
to shrink the source size of the neutrons. We then changed
from a CH2 target of 400 nm to a CD2 target of 3:2 !m
thickness to test the neutron yield in the classic TNSA

FIG. 1 (color). Experimental setup. Left: The target consists of
CH2 or CD2 foils and a Be converter. The proton or deuteron
beam is converted into a spherical (4") and a directed neutron
component. Right: BTI bubble detectors were placed on the
outside of the TRIDENT target chamber to cover different
neutron emission angles. Three nTOF detectors were used to
measure the energy spectrum.

FIG. 2 (color online). Ion spectra from a 300 nm, 90% deu-
terized plastic target. The bulk ion distribution is clearly repre-
sented in the spectrum showing the acceleration of the foil
volume rather than surface acceleration.

PRL 110, 044802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

25 JANUARY 2013

044802-2

f/3 laser 

~ 3×1020 W/cm2 

D spectrum 

n spectrum 
f/3 
23147 

1 MeV 10 MeV 

•  Driven by D beam (BOA mechanism) 

•  Neutron source ~ ns, forward-directed (~ 0.25 - 1 Srad) 

•  f/3 laser: record laser-produced yield (~ 109 neutrons) & 
forward fluence (~ 5 × 109 n/strad = 50 neutrons/ µm2        
@ 1 cm), 5-15 MeV neutron energies (~ 10 MeV peak)* 

•  f/1.5 (~ 1.2×1021 W/cm2 ): × 10 higher yield and forward 
fluence,  peak energy to ~ 70 MeV, cutoff to ~ 150 MeV* 

*M. Roth et al., PRL 110, 044802 (2013); D. Jung et al., accepted to PoP 
(2013), highlighted by APS, Nature and Physics World 
 

n spectrum 
f/1.5 
23285 

100 MeV 10 MeV 

neutrons 
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Laser-based neutron source shown on Trident        
has demonstrated utility for active interrogation* 
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 •  Fission signatures for nuclear materials:  
+ Delayed and prompt fission neutrons,  
+ Delayed and prompt fission γ’s  

• Detectors  
+ Bubble & He-3 detectors (insensitive to γ’s) 
+  TOF (γ flash & neutrons) 

•  Converters: Be (mm’s from target), Cu (far) 

• Application results so far: 
+ Detected DU with delayed fission neutrons with                                                         

Be converter (more efficient but farther from sample) 
+ Detected DU with delayed fission neutrons with Cu                                        

converter (less efficient but closer to DU sample) 
+  Irradiated Ge samples ~ 500 n/µm2                                                     

(radiation damage) 

1.2 m 

3.3 mm SS + 
• 260 g of DU  
• 2  kg  of DU 

8.5 cm HDPE 
2.5 cm Al flange 
@ 90 cm 

0.5 cm Cu n converter 
@ 80 cm from target 

Laser Target 
~500 nm Deut. 

Polyethylene 

f/3 SP 
laser 
beam 

Active interrogation experiment on 
Trident 

D beam 

n beam 

PI: A. Favalli* 
LANL  

* LANL LDRD Director’s Reserve, A. 
Favalli, PI, Early Career Research 

Using laser-driven neutrons 
to stop nuclear smugglers 
LANL press release 6/4/2013 

neutrons 
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FIG. 1. a) Experimental setup inside the target chamber. The laser is hitting a CH or CD foil and generates the driving
proton or deuteron beam. This beam is deposited in a Be-converter on the laser propagation axis behind the target. b) Global
experimental setup. Around the target chamber a variety of diagnostics for laser pulse and neutron beam characterization are
placed. For the latter neutron time-of-flight (nTOF) spectrometers consisting of a plastic scintillator coupled to photo multiplier
tube (PMT), bubble detectors and a neutron-imager are used. Not shown is the ion wide angle spectrometer (iWASP) that
has been used to analyze the driving ion right beam behind the target prior to the actual experiment.

axis parabolic mirror is used to typically focus 80 J of
1.053µm laser light in a 600 fs pulse. The on-target
focus has been measured to be ∼6µm in radius (1/e2-
condition, containing > 60% of the laser energy) with
a peak intensity of 5 × 1020W/cm2. The laser pulse
duration and beam parameters were carefully recorded
during the whole campaign. Thin, free-standing, plastic
(CH2) and deuterized plastic (CD2) foils with thicknesses
from 200 nm to 3.2µm were used to generate proton and
deuteron beams. The high temporal contrast of the Tri-
dent laser with 10−7 at -4 ps (ratio of preceding laser
irradiation compared to the peak intensity)24, enables in-
teraction of the laser with a highly overdense target even
for nm-scaled targets16 and hence very efficient accel-
eration of deuterons through the BOA mechanism. The
proton and deutron beams were deposited in a Beryllium
converter, providing a high cross section for neutron pro-
duction and at the same time minimizing generation of
unwanted high-energy bremsstrahlungs photons.

Ion beam diagnostics

As the ion beam is the primary driver for the neutron
generation, beam parameters are an important part of
the experiment. Evaluation of the neutron generation
performance requires detailed knowledge of the driver in
terms of energy distribution, particle numbers and en-
ergy content, as well as beam divergence. We used sev-
eral independent diagnostics to characterize the driving
ion beam for these parameters. In this experiment, where
ion acceleration is done in the BOA regime, critical beam
parameters such as high-energy cutoffs, angular ion dis-

tribution, conversion efficiency and ion species are very
different from typical TNSA-generated ion beams. While
in TNSA the ion beam is typically “Gaussian”-like dis-
tributed with peak energy and flux in the beam center,
an ion beam generated in the BOA regime is shaped by
the 2D and 3D dynamics during the relativistic transpar-
ent phase of the interaction governing the acceleration.
One is the azimuthal symmetry break even for a symmet-
ric laser profile; the symmetry break causes generation of
ion lobes in the spectrum25 and hence maximum energies
and also maximum densities to appear off-axis.

iWASP spectrometer: Here, we use the ion wide an-
gle spectrometer (iWASP) as described in26. The iWASP
measures the ion beam angularly resolved over approx-
imately 20◦ in a plane perpendicular or parallel to the
laser polarization axes. It is based on a strong, large,
magnetic field generated by a wedged yoke perpendicu-
lar to the ion propagation direction. The field introduces
an energy dependent dispersion of the particle beam that
is entering the iWASP through a long slit positioned par-
allel to and in front of the magnetic field. With a slit of
∼ 20µm width and 1 cm length, the spectrometer covers
a solid angle of ∼ 4×10−1 msr; this is 3-5 orders of mag-
nitude higher than in typical Thomson parabolas27. The
high solid angle captured and hence the high fraction of
the beam that is analyzed, ensures highest accuracy in
measuring all important beam parameters. This is done
simultaneously for C6+ and H+ (and D+) from CHx (and
CD) targets and is accomplished by taking advantage of
the hugely different stopping power of each of the par-

mix 
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Important to understand breakup & mixing of 
particulates in dense low-Z plasmas 
•  Ubiquitous problem, whether initial state is 

solid particulates or plasma “blobs” 
–  E.g., comet tails, semiconductor          

manufacturing plasmas, tokamak edge          
plasmas, ICF & MICF implosions, … 

•  May be key to understanding “mix” in dense 
plasmas  
–  E.g., certain laser-fusion capsule ablators, 

Magnetized Target Fusion implosions 
–  Atomic versus particulate mix affects TN-burn 
–  300-fold increase in temperature increases ion 

classical viscosity  Θ5/2 by factor of ~ 106 
–  True viscosity is uncertain, may invalidate our 

physical picture of compressible hydro mix (BHR*) 
–  Electrostatically-enhanced mix may dominate  

Magnetized Target 
Fusion (MTF) 

Comet 
Hale-Bopp 

Alcator 
C-Mod 

3D ICF capsule 
(HYDRA   

code) 

*(Besnard-Harlow-Rauenzahn), D. C. Besnard, F. H. Harlow, and R. M. 
Rauenzahn, Los Alamos National Laboratory Report No. LA-10911-MS, 
1987; A. Banerjee et al., Phys. Rev. E 82, 046309 (2010) 

mix 
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VPIC simulation 
C/D plasma 
interface @ 
Press. balance 

Mixing across sharp interfaces with heterogenous 
species likely dominated by plasma effects 

•  PIC simulations show multi-species plasma mixing at ~ sonic           
(ion-sound) speeds, >> diffusive speeds  
–  Electrostatically-enhanced mix (EEM) requires experimental test  

•  VPIC simulation of representative case: isobaric, C-D interface 

 

 

•  May dominate “mix” in dense plasmas that affects TN burn  
–  Plasma effects can be implemented in mix models like BHR* 
  

•  Designed an experiment on Trident to test EEM 
–  Use BOA beams to isochorically heat a sharp interface 

*(Besnard-Harlow-Rauenzahn), D. C. Besnard, F. H. Harlow, and R. M. Rauenzahn, 
LANL Report No. LA-10911-MS, 1987; A. Banerjee et al., Phys. Rev. E 82, 046309 (2010) 

mix 



Presentations\Conferences\ICHED_JCF_2013 Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D Slide 16 

Experiments on particulate evolution in dense plasmas 
on the Trident short-pulse laser have been designed. 

•  Low-Z “background” dense plasma  
–  Solid density, Te ~ 1 -- 20 eV 
–  Size ~ (100 µm )3 

–  Frozen H2, CH2, … 
–  Heated by a Trident proton beam                                      

(ultra-thin CH2 foils, BOA mechanism)                               
NOT ranging in the sample                                           
(known energy deposition) 

–  Quasi-homogeneous  (simulation) 

kT 
t=10 ps 

1 ns r 

z 

ρ	


t=1 ns 

r 

z 
uniform heated region 

unheated 
region 

•  Frozen H2 using 
technique pioneered by 
TU Darmstadt or CH foam 

•  High-Z particulate, wire, 
foil, ~ 10 µm 

Preliminary 
data 

mix 
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FIG. 1. a) Experimental setup inside the target chamber. The laser is hitting a CH or CD foil and generates the driving
proton or deuteron beam. This beam is deposited in a Be-converter on the laser propagation axis behind the target. b) Global
experimental setup. Around the target chamber a variety of diagnostics for laser pulse and neutron beam characterization are
placed. For the latter neutron time-of-flight (nTOF) spectrometers consisting of a plastic scintillator coupled to photo multiplier
tube (PMT), bubble detectors and a neutron-imager are used. Not shown is the ion wide angle spectrometer (iWASP) that
has been used to analyze the driving ion right beam behind the target prior to the actual experiment.

axis parabolic mirror is used to typically focus 80 J of
1.053µm laser light in a 600 fs pulse. The on-target
focus has been measured to be ∼6µm in radius (1/e2-
condition, containing > 60% of the laser energy) with
a peak intensity of 5 × 1020W/cm2. The laser pulse
duration and beam parameters were carefully recorded
during the whole campaign. Thin, free-standing, plastic
(CH2) and deuterized plastic (CD2) foils with thicknesses
from 200 nm to 3.2µm were used to generate proton and
deuteron beams. The high temporal contrast of the Tri-
dent laser with 10−7 at -4 ps (ratio of preceding laser
irradiation compared to the peak intensity)24, enables in-
teraction of the laser with a highly overdense target even
for nm-scaled targets16 and hence very efficient accel-
eration of deuterons through the BOA mechanism. The
proton and deutron beams were deposited in a Beryllium
converter, providing a high cross section for neutron pro-
duction and at the same time minimizing generation of
unwanted high-energy bremsstrahlungs photons.

Ion beam diagnostics

As the ion beam is the primary driver for the neutron
generation, beam parameters are an important part of
the experiment. Evaluation of the neutron generation
performance requires detailed knowledge of the driver in
terms of energy distribution, particle numbers and en-
ergy content, as well as beam divergence. We used sev-
eral independent diagnostics to characterize the driving
ion beam for these parameters. In this experiment, where
ion acceleration is done in the BOA regime, critical beam
parameters such as high-energy cutoffs, angular ion dis-

tribution, conversion efficiency and ion species are very
different from typical TNSA-generated ion beams. While
in TNSA the ion beam is typically “Gaussian”-like dis-
tributed with peak energy and flux in the beam center,
an ion beam generated in the BOA regime is shaped by
the 2D and 3D dynamics during the relativistic transpar-
ent phase of the interaction governing the acceleration.
One is the azimuthal symmetry break even for a symmet-
ric laser profile; the symmetry break causes generation of
ion lobes in the spectrum25 and hence maximum energies
and also maximum densities to appear off-axis.

iWASP spectrometer: Here, we use the ion wide an-
gle spectrometer (iWASP) as described in26. The iWASP
measures the ion beam angularly resolved over approx-
imately 20◦ in a plane perpendicular or parallel to the
laser polarization axes. It is based on a strong, large,
magnetic field generated by a wedged yoke perpendicu-
lar to the ion propagation direction. The field introduces
an energy dependent dispersion of the particle beam that
is entering the iWASP through a long slit positioned par-
allel to and in front of the magnetic field. With a slit of
∼ 20µm width and 1 cm length, the spectrometer covers
a solid angle of ∼ 4×10−1 msr; this is 3-5 orders of mag-
nitude higher than in typical Thomson parabolas27. The
high solid angle captured and hence the high fraction of
the beam that is analyzed, ensures highest accuracy in
measuring all important beam parameters. This is done
simultaneously for C6+ and H+ (and D+) from CHx (and
CD) targets and is accomplished by taking advantage of
the hugely different stopping power of each of the par-

Ion FI 
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FI of DT fuel assembled with long-pulse laser 
places specific requirements on ion-beam.* 
•  Ignition HS conditions set by heating &                                  

cooling rates1 

•  Total ion energy required independent                                      
of ion species  

•  Fuel ρr ~ particle range → laser IL 
–  e- : ~ 1 MeV → I ~ 5×1019 W/cm2 
–  Protons: ~ 10 MeV → IL ~ 1020 W/cm2 

–  C: ~ 450 MeV → IL ~ 1021 W/cm2  

Ion FI 

Proton temperature or energy (MeV) 

Letter

and is reached at time t = tpeak =
√

2/5τ .
Concerning fast ignition requirements, we apply the

previous condition P ! Pig(ρ, εp) = Popt(ρ)q(εp) to
the present situation with time-varying beam power and
exponential proton energy distribution, by replacing P with
a characteristic power P = Ppeak/ap, and computing the
function q at energy εp = aTTp. Here ap and aT are numerical
constants, with values about 1.3–1.5. The constant aT accounts
for the fact that protons hitting the fuel when the beam power
exceeds P have kinetic energy higher than the average value
in the distribution. Imposing that both beam energy and power
exceed the respective thresholds for ignition, we find that the
beam energy must satisfy E ! E∗

ig, with

E∗
ig = Eopt(ρ) · q(aTTp) · max

[

1; g(d, Tp, ρ)
]

, (8)

where, for (2), (6) and (7),

g(d, Tp, ρ) = 0.62ap
τ

topt
=

0.82apdmmρ̂0.85

√

Tp
. (9)

We are interested in evaluating (8) for distances d of a few mm
and densities in the range 300–500 g/cm3. We immediately see
that when Tp " (8/aT) MeV, then q = 0.8, but g is well above
unity. In contrast, when g < 1, the factor in square brackets is
equal to one, only at temperatures such that q > 1. Therefore,
the ignition energy will always be larger than the value given
by (1). When g > 1, using (1) and (9), we can write (8) as

E∗
ig = 32.7ap

√
aT

dmm

ρ̂
f (aTTp) kJ, (10)

with

f =















√

8/(aTTp) Tp " (8/aT) MeV;

0.47 + 0.53(aTTp/8)
√

aTTp/8
Tp ! (8/aT) MeV.

(11)

The function f takes its minimum value, f = 1, at Tp =
8/aT MeV, and depends weakly on Tp over a wide range of Tp,
being f < 1.25 for 5 MeV " aTTp " 28 MeV. Notice that
according to (10) the ignition energy scales with the density as
E∗

ig ∝ ρ−1, to be compared with E∗
ig ∝ ρ−1.85 [11], applying

to monoenergetic particles and constant pulse power.
The predictions of (10) have been checked by 2D

numerical simulations, again referring to a homogeneous DT
sphere, and a parallel beam with radius determined according
to (3). The results of a set of simulations referring to DT density
ρ = 400 g/cm3, proton average energy 3 " Tp " 20 MeV and
three values of d (1 mm, 2 mm and 4 mm) are summarized in
Fig. 3, which shows E∗

ig versus Tp. We see that for all values
of d, E∗

ig is minimum at Tp = 5–10 MeV, and varies with
Tp roughly in agreement with (10). The dependence on d is,
instead, somewhat weaker than the linear scaling. Simulations
at different densities, in the range 200 " ρ " 800 g/cm3, with
rb again chosen according to (3), show the same dependence of
E∗

ig on d and Tp as above. Simulation results for Tp = 5 MeV
are fitted by

E∗
ig % 90 d0.7

mm /ρ̂1.3 kJ. (12)

We notice that the curve for d = 4 mm in Fig. 3 is
representative of the case of a proton source placed outside

Tp (MeV)
E

ig
 (

kJ
)

*

d = 4 mm
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Figure 3. Minimum beam energy E∗
ig for fast ignition of a

precompressed homogeneous DT sphere (with density
ρ = 400 g/cm3 and radius R = 100 µm) by protons with
exponential energy distribution and average energy Tp, originated at
a distance d from the DT fuel. The solid curves show E∗

ig versus Tp,
for different values of d. For comparison, we plot again the curve
(dashed) referring to monoenergetic protons (see Fig. 2). In all cases
rb = 15 µm.

guide

fusion capsule

proton 
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ultraintense laser

compressed fuel 
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b)

Figure 4. Concept of conically guided target for fast ignition by
laser accelerated protons: (a) target cross section; the fuel
containing capsule is imploded by a suitable driver; (b) enlarged
view of the central region around maximum fuel compression: at
this time an ultraintense pulse is used to generate fast protons. The
conical guide allows for placing the proton releasing target close to
the compressed fuel.

a hohlraum, as proposed by Roth et al [7]. We see that
the minimum ignition energy (at ρ = 400 g/cm3) is about
40 kJ, which is 4–6 times larger than estimated previously [7].
Notice, however, that it refers to the energy contained in the
whole proton distribution, not only in a small portion of it, as
was the case in [7].

The beam energy reduces to about 15 kJ by decreasing

L3

Proton FI 

Monoenergetic 

Maxwellian 

* E.g., S. Atzeni, et al., Nuclear Fusion 42, L1 (2002); J.C. Fernández, et al., NF 49, 065004 (2009) 
1 S Atzeni S and J Meyer-Ter-Vehn 2004 The physics of inertial fusion (Oxford: Oxford Univ. Press) 
2 D. Clark & M. Tabak, Nucl. Fus. 24, 1147 (2007) 
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RPA è BOA ion FI design 
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Abstract. Fusion fast ignition (FI) initiated by a laser-driven particle beam promises a path to 
high-yield and high-gain for inertial fusion energy (IFE). FI can readily leverage the proven 
capability of Inertial Confinement Fusion (ICF) drivers, such as NIF, to assemble DT fusion 
fuel at the relevant high densities. FI provides a truly alternate route to ignition, independent of 
the difficulties with achieving the ignition hot spot in conventional ICF. FI by laser-driven 
proton and ion beams are attractive alternatives that sidestep the present difficulties with laser-
driven electron-beam FI, while leveraging the extensive recent progress in generating ion 
beams with high power density on existing laser facilities. Whether using protons or a heavier 
ion species, the ignition requirements are similar: delivering ≈ 10 kJ in ≈ 25 ps within a volume 
of linear dimension ≈ 40 µm, to the DT fuel compressed to ~ 400 g/cm3 with areal density ~ 2 
g/cm2. High-current, laser-driven beams of many ion species, including protons, are a most 
promising candidate to deliver such power densities because they are driven by high energy, 
high power lasers that can be deliver high power fluxes, which can efficiently drive ion beams 
within a laser-plasma (thus are immune to the charge and current limits of conventional 
beams), born neutralized in ~ fs - ps timescales. In summary, we find in this review of the field 
that there are many possible paths to success with FI based on laser-driven ion beams. There 
has been tremendous recent progress in discovering, characterizing and developing many ion 
acceleration mechanisms relevant to FI. That work includes modeling and experiments, along 
with important technology advances in laser science, target development and diagnostic 
development. In this paper, we survey those mechanisms, discussing their physical basis, 
recent research and development progress, and their issues and limitations. For most of these 
mechanisms, estimates of the parameters of an ignitor laser and ion-generation target design 
are provided, based on generic ignition requirements, for either protons or C ions, some of it 
presented here for the first time. Key enabling technological advances are summarized. More 
detailed design efforts based on some of these mechanisms are discussed. Relevant work in the 
transport and focusing of these beams is also summarized.  
 

PACS: 52.57.Kk, 52.38.Kd, 41.75.Jv, 52.50.Gj, 52.50.Jm 
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VPIC simulation supporting FI design 

Table 4-1: C FI beam parameters using a hybrid RPA-LS – BOA ion acceleration scheme 
[1]=Given, from other modeling,  [2]=Chosen, [3]=Derived, [4]=From PIC simulation 
Parameter Hybrid  TNSA 

   

Eig  [1] 10.5 kJ 12.7 kJ 
   

Ion beam 
1.1.1.   1.1.2.   

Ion species [2] C  Protons 
Eki (ion energy) 400 MeV [2,4] Th = 4 MeV [1] 
δ Eki (ion energy spread), δ Eki / 
Eki 

50 MeV (~ 12.5%) [4] Maxwellian [2] 

γi (ion Relativ. factor), βi (vi/c) 1.0355, 0.256 [3] 1.0043, 0.092 (Th) 
   

Target   
Z, A, ρ [g/cm3] 
[2] 

6, 12, 2.0  29, 63.5, 9.0 + 1.8 µm CH2 
layer [3] 

l (target thickness) 30 nm [2,4] 20 µm [2] 
ηp (fraction of ions utilized) 0.45 [4] N.A. 
foil travel during tL 5.5 µm [4] (<< DL ) N.A. 

Source-fuel separation d 1 cm 0.5 cm 
   

Laser   
λ0 (laser wavelength) 1 µm [2] 1.053 µm [2] 
Laser polarization Circular [2] Linear [2] 
a0, IL (laser intensity) 20, 1021 W/cm2 [2] 9, 1020 W/cm2 [1], Ref. [52] 
tL (laser pulse length) 11 fs rise time + 126 fs 

flattop to [4] 
1 ps [3] 

EL (laser energy) 120 kJ [3] 127 kJ [3] 
ηE (laser-ion energy efficiency) 0.083 [4] 0.10 (Data in Ref. [52]) 
AL, DL (laser spot area, Diam.) 1.21 × 10-3 cm2 (393 µm) [4] 1.26 × 10-3 cm2 (400 µm) [2] 
 

Ion FI 
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•  Many mechanisms for ion acceleration 

•  Laser-driven ion beams on Trident used for 
neutron generation 

•  Laser-driven ion beams to be used on 
Trident for electrostatically-enhanced mix 
studies 

•  Laser-driven ion beams an excellent 
candidate for FI 
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FIG. 1. a) Experimental setup inside the target chamber. The laser is hitting a CH or CD foil and generates the driving
proton or deuteron beam. This beam is deposited in a Be-converter on the laser propagation axis behind the target. b) Global
experimental setup. Around the target chamber a variety of diagnostics for laser pulse and neutron beam characterization are
placed. For the latter neutron time-of-flight (nTOF) spectrometers consisting of a plastic scintillator coupled to photo multiplier
tube (PMT), bubble detectors and a neutron-imager are used. Not shown is the ion wide angle spectrometer (iWASP) that
has been used to analyze the driving ion right beam behind the target prior to the actual experiment.

axis parabolic mirror is used to typically focus 80 J of
1.053µm laser light in a 600 fs pulse. The on-target
focus has been measured to be ∼6µm in radius (1/e2-
condition, containing > 60% of the laser energy) with
a peak intensity of 5 × 1020W/cm2. The laser pulse
duration and beam parameters were carefully recorded
during the whole campaign. Thin, free-standing, plastic
(CH2) and deuterized plastic (CD2) foils with thicknesses
from 200 nm to 3.2µm were used to generate proton and
deuteron beams. The high temporal contrast of the Tri-
dent laser with 10−7 at -4 ps (ratio of preceding laser
irradiation compared to the peak intensity)24, enables in-
teraction of the laser with a highly overdense target even
for nm-scaled targets16 and hence very efficient accel-
eration of deuterons through the BOA mechanism. The
proton and deutron beams were deposited in a Beryllium
converter, providing a high cross section for neutron pro-
duction and at the same time minimizing generation of
unwanted high-energy bremsstrahlungs photons.

Ion beam diagnostics

As the ion beam is the primary driver for the neutron
generation, beam parameters are an important part of
the experiment. Evaluation of the neutron generation
performance requires detailed knowledge of the driver in
terms of energy distribution, particle numbers and en-
ergy content, as well as beam divergence. We used sev-
eral independent diagnostics to characterize the driving
ion beam for these parameters. In this experiment, where
ion acceleration is done in the BOA regime, critical beam
parameters such as high-energy cutoffs, angular ion dis-

tribution, conversion efficiency and ion species are very
different from typical TNSA-generated ion beams. While
in TNSA the ion beam is typically “Gaussian”-like dis-
tributed with peak energy and flux in the beam center,
an ion beam generated in the BOA regime is shaped by
the 2D and 3D dynamics during the relativistic transpar-
ent phase of the interaction governing the acceleration.
One is the azimuthal symmetry break even for a symmet-
ric laser profile; the symmetry break causes generation of
ion lobes in the spectrum25 and hence maximum energies
and also maximum densities to appear off-axis.

iWASP spectrometer: Here, we use the ion wide an-
gle spectrometer (iWASP) as described in26. The iWASP
measures the ion beam angularly resolved over approx-
imately 20◦ in a plane perpendicular or parallel to the
laser polarization axes. It is based on a strong, large,
magnetic field generated by a wedged yoke perpendicu-
lar to the ion propagation direction. The field introduces
an energy dependent dispersion of the particle beam that
is entering the iWASP through a long slit positioned par-
allel to and in front of the magnetic field. With a slit of
∼ 20µm width and 1 cm length, the spectrometer covers
a solid angle of ∼ 4×10−1 msr; this is 3-5 orders of mag-
nitude higher than in typical Thomson parabolas27. The
high solid angle captured and hence the high fraction of
the beam that is analyzed, ensures highest accuracy in
measuring all important beam parameters. This is done
simultaneously for C6+ and H+ (and D+) from CHx (and
CD) targets and is accomplished by taking advantage of
the hugely different stopping power of each of the par-




